The simulated impact of the Atlantic Meridional Overturning Circulation (AMOC) on the low frequency variability of the Arctic Surface Air temperature (SAT) and sea-ice extent is studied with a 1000 year-long segment of a control simulation of GFDL CM2.1 climate model. 
Introduction
Observations show an accelerating decline of the Arctic sea-ice cover (e.g Comiso et al. 2008 ; ) and sea-ice thickness (Rothrock et al. 2008; Kwok and Rothrock 2009 ) in recent decades. While trends in the long term atmospheric circulation over the Arctic are not consistent with the declining trends in the Arctic sea-ice exhibited in the satellite record since 1979 (e.g. Deser and Teng 2008) , the declining trends in the Arctic sea-ice have been found to be robustly linked to the rise in surface air temperature (SAT) over the Arctic in the past decades (e.g. Rothrock and Zhang 2005; Lindsay and Zhang 2005; Johannessen et al. 2004; Deser and Teng 2008) . Whether the recent rapid Arctic warming is caused completely by enhanced anthropogenic greenhouse gas emissions (e.g. Johannessen et al. 2004; Zhang and Walsh 2006; Gillett et al. 2008; Moritz et al. 2002) or is amplified by low frequency oceanic variability (e.g. Bengtsson et al. 2004) , is still a matter of debate.
Multi-model GCM ensemble-means indicate that only about half of the observed declining sea-ice cover trend is externally-forced in the 1979-2006 period, suggesting a strong role for natural variability in Arctic climate (Stroeve et al. 2007) provided that the simulated sensitivity of the Arctic sea ice to the external radiative forcing is approximately correct.
On centennial time-scales, Polyakov et al. (2003) found that the limited data records of fast-ice thickness and extent in Kara, Laptev, East Siberian and Chukchi marginal seas lack a statistically significant long-term trend and are dominated by multidecadal/decadal oscillations over the 1900-2000 period.
The Atlantic Meridional Overturning Circulation (AMOC) is often thought to be a major source of decadal/multidecadal variability in the climate system (e.g. Delworth and Mann 2 2000; Polyakov et al. 2010 ). In coupled model simulations (e.g. Knight et al. 2005; Zhang 2008 ) the AMOC contributes a substantial fraction of the low-frequency variability of the basin averaged North Atlantic sea surface temperatures, i.e. the Atlantic Multidecadal Oscillation (AMO). The AMO has been linked to global and regional climate variability, such as the variability of Northern Hemisphere mean surface temperature (e.g. Zhang et al. 2007 ), Sahel drought (e.g. Folland et al. 1986 ), North American and western Europe summer climate (Sutton and Hodson 2005) , Northeast Brazilian rainfall (e.g. Folland et al. 2001) , Indian monsoon (e.g. Zhang and Delworth 2006) , the Atlantic hurricane activities (Goldenberg et al. 2001) and recently Arctic SAT (Chylek et al. 2009 ). The focus of this study is to evaluate the impact of low frequency AMOC variability on the simulated Arctic SAT and sea-ice variations, in the absence of anthropogenic greenhouse gas induced warming, using a 1000 year-long segment of a control simulation of the GFDL coupled climate model CM2.1, ).
To compare the simulated impact of the AMOC on the Arctic sea-ice variations with the observed Arctic sea-ice data, we also analyze satellite-derived monthly sea-ice concentration data on a 25 km x 25 km grid for the period 1979-2008 obtained from National Snow and Ice Data Center (NSIDC) (Cavalieri et al. 1996 (Cavalieri et al. , updated 2008 . We also analyze a reconstructed sea-ice extent dataset over the Arctic from 1900-1999 (Zakharov 1997) , and the Arctic SAT data derived from NANSEN SAT data provided by the Nansen Centers in St. Petersburg (Russia) and Bergen (Norway) (Kuzmina et al. 2008) to broadly benchmark the simulated Arctic sea-ice and SAT variability in the control simulation.
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Simulated Arctic SAT and Sea-Ice Variability
In terms of annual mean Arctic-wide area averages, the simulated Arctic-averaged sea-ice and SAT variability in the 1000 year-long segment of the control run are broadly consistent with that of linearly detrended observations. The annual mean Arctic sea-ice extent and area-averaged SAT (northwards of 70
• N) display a standard deviation of 0.15 million square kilometers and 0.57 K respectively for the last 100 years of the simulation. The linearly detrended century-long reconstructed sea-ice dataset (Zakharov 1997) and area averaged Arctic SAT dataset (Kuzmina et al. 2008 ) exhibit a standard deviation of 0.18 million square kilometers and 0.75 K respectively. The simulated sea-ice extent is defined as total marine areas with sea-ice concentrations greater than or equal to 15%. The results for observed sea-ice extent and SAT data show little sensitivity to linear or quadratic detrending.
The simulated annual mean Arctic SAT and sea-ice extent anomalies are also found to be significantly anti-correlated with each other (r = -0.96) on decadal time-scales when 10-year low-pass filtered ( Figure 1a ). The correlation between the two low-pass filtered time-series in the GFDL CM2.1 simulation is found to be statistically significant at the 95% confidence level for 71 degrees of freedom (N ef f ective − 2) based on a t-test. Filtering causes a loss of temporal degrees of freedom resulting in a smaller effective sample size,
where N is the actual sample size and γ 1i , γ 2i are the auto-correlations of the two filtered time-series at lag i, (Livezey and Chen 1983) . The anti-correlation between detrended low-pass filtered timeseries of the observed Arctic seaice extent (Zakharov 1997) and Arctic SAT (Kuzmina et al. 2008 ) (r = -0.48, Figure 1b) is found to be lower than that found by Johannessen et al. (2004) Notably, the variance of sea-ice concentrations is larger over the edge of the Arctic sea-ice cover in all months. The sea-ice cover edges contain thinner sea-ice with low sea-ice concentrations, which make the regions around the sea-ice edge volatile. The spatial structure of the simulated Arctic sea ice variability is broadly consistent with that observed. In the observed data, large variability is also seen in the Okhotsk Sea during the winter because of the presence of volatile sea-ice cover in the region. The fall and spring show slightly weaker variability as compared to the winter and summer seasons in both the GFDL CM2.1 model and the satellite-derived observations. Much of the Arctic sea ice variability in the short satellite record is caused by the strong declining trend, thus the spatial pattern of observed sea-ice variability ( Figure 2b ) is found to be very similar to the spatial pattern of the observed trend ( Figure 4e , Figure 6e ).
Simulated Influence of the AMOC on the Arctic SAT and Sea Ice Variability
The GFDL CM2.1 control simulation shows pronounced low frequency AMOC variations with a period of 20 years (Zhang 2008; Msadek et al. 2010 ) and a standard deviation of 1.8
Sv. On decadal time-scales, the AMOC index is found to be significantly (at the 95% level) 
Discussion
A recent study suggests that the AMOC strength has increased in the past several decades 
